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  The energy crisis is arguably the most serious issue facing our planet today.  We have a society 
completely dependent on the use of fossil fuels, which we are quickly depleting because of huge 
demand and a finite supply.  Our group, as part of the Environmental Protection Agency’s People, 
Prosperity, and Planet (P3) competition, created an automated process that turns algae into butanol.  
The goal when we set out was to design and build a unit that would be portable enough to be taken 
anywhere, and automated enough so that anyone could operate it.  We met this goal, and along the way 
learned invaluable lessons, educated the public about our project, and met people really willing to help 
us make a difference in the future. 
 Starting from scratch to design and build what is essentially a fully-automated lab-scale chemical 
plant in 4 months certainly was a daunting task.  When we began the project the team elected me the 
leader, a task I was excited to take on.  It allowed me throughout to coordinate project activities, make 
sure we were on track, lead our bi-weekly meetings, and delegate responsibilities to the team.  It also 
allowed me the opportunity to be the first point of contact for the team other than our advisors when 
we were featured in the newspaper, on local news, and in the nationally televised PBS special Planet 
Forward. This was a great responsibility, and one which allowed me to glean even more from the 
experience than I would have otherwise.  Being the team leader was certainly not all about delegating, 
however.  My most significant contributions to the project were the design and construction of the 
distillation side of the unit and testing and troubleshooting after the construction of the unit. 
 The distillation side of the unit was complex due to the difficulties associated with the 
separation of butanol from water.  We used a two-distillation column system to separate the butanol.  
The most difficult part was how to transfer the organic phase of the two-phase solution formed in the 
distillate in the first column to the second column.  A normal decanter does not work in this application 
because the distillation is done entirely in batch.  Therefore one other teammate and I designed a 
magnetic float that sits at the interface between the two phases.  When the magnetic float, and 
therefore the interface, reach a certain point a magnetic switch is triggered that changes the pump, 
sending the organic phase to the second column for further distillation.  Once the unit was completely 
constructed, we ran many tests to ensure the operation of the unit, many of which I conducted.  We 
then had to take what we learned from each test and continue to improve the construction, fix 
mechanical errors, and correct any design flaws.  This was a very time-consuming task, but I learned a lot 
from it, and there are mistakes that were made that I and others made and will not make again in the 
future.  
 We also had the chance to speak with our congressman and senators, as well as be featured in 
the newspaper and on local and national television.  All of these opportunities to educate people about 
the energy crisis and what we are doing to try and help were fantastic, and I had the privilege of doing 
much of the explaining.  Through these opportunities and the P3 expo we were able to share our ideas, 
and get more ideas from many others trying to tackle the same issues.  I learned that we as engineers 
not only have to come up with great ideas like the Algae to Butanol project, but educate the public to 
encourage acceptance and further innovation in the field, as well as solicit capital for continued research 
and eventual implementation of ideas. 
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IV. EXECUTIVE SUMMARY 
NCER Assistance Agreement Project Report Executive Summary 
Date of Project Report: March 21, 2009 
EPA Agreement Number: SU834701 
Project Title: Extraction of Sugars from Algae for Direct Conversion to Butanol 
Faculty Advisers: Hestekin, Jamie; Beitle, Robert; Penney, Roy 
Department and Institution: Ralph E. Martin Department of Chemical Engineering, 
University of Arkansas at Fayetteville 
Student Team Members: Bevan, Elizabeth; Carter, Ethan; Huslig, Megan; Ivey, Jill; 
Nakao, Hiroko; Rakestraw, Kylan; Rostro, Lizbeth; Stout, Jeremy 
Project Period: August 15, 2010 through August 14, 2011 
Project Amount: $10,000 
 
Description and Objective of Research 
The US imports over 60% of its crude oil on an annual basis. In order to obtain energy 
independence, different biofuels, feedstocks, and technologies must be explored. The production 
of butanol from algae is being investigated as a sustainable and potentially lucrative liquid fuel 
source. 
Algae are an exciting new feedstock for biofuel production because of their extremely 
fast growth rate, high oil and sugar content, and ability to thrive on marginal land water. The 
bulk of the research on algae biofuels to date has focused largely on the use of the naturally 
occurring oils in algae to produce biodiesel. However, the majority of the energy contained in 
algae is stored as carbohydrates, not oils.1 Although much research has been done on converting 
algae oils into biodiesel, little has been done on converting the sugars and starches into usable 
liquid fuels. This has likely inhibited the sustainable commercialization of algae to biofuel 
technology. 
Past research efforts have made significant progress with electric and ethanol-based 
solutions toward fueling transportation without the direct combustion of fossil fuels. Butanol is a 
sustainable fuel that has many advantages over other alternatives, including its low vapor 
pressure, high energy density, and ability to directly replace gasoline.2 The higher energy density 
of butanol relative to ethanol allows for better fuel efficiency in vehicles, giving the consumer 
better gas mileage. In addition, the physical properties of butanol are such that modern gasoline 
automobile engines can use butanol directly without major engine modifications.  
Phase I investigated a method for producing butanol from algae using a novel automated 
hydrolysis, fermentation, and separation process. The Phase I research team sought to 
experimentally optimize individual steps and parameters of the process, design and build an 
automated unit to produce fuel-grade butanol from algae in a batch process, evaluate the 
sustainability and large scale economics of the process, and design an outreach program 
encouraging energy and environmental awareness centered around K-12 students. The team used 
macroalgae samples obtained through the generosity of the City of New York from Jamaica Bay 
to test the equipment and viability of the process. 
 
Summary of Findings 
Experimental Optimization 
Experiments were performed to determine optimal operating parameters for each step of 
the process in order to reduce energy and material waste and maximize biofuel production. 
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Optimal pH, temperature, heating time, and water concentration for acid hydrolysis were found 
by performing trials to determine the conditions that produced the highest sugar concentrations 
per unit of algae consumed. Fermentation conditions were determined by analyzing the amount 
of bacteria required, the ideal pH to encourage butanol-producing metabolic pathways, and the 
necessary time to convert the maximum amount of sugar to butanol. The optimal distillation 
conditions were determined by altering distillation heating time, reflux ratio and cooling water 
temperature.  
 
PEACE-1 Design and Construction 
The team designed and completed the construction of a demonstration unit. The Portable 
and Electronic Algae Converting Equipment unit (PEACE-1) takes approximately 1.2 pounds of 
dry algae and produces 1-2 oz. of fuel-grade butanol. The unit is 3 ft. x 5 ft. by 9 ft. high, can be 
transported in the bed of a truck, and is operated and controlled by a touch screen located on the 
front of the unit. PEACE-1 will be transported to Washington D.C. for the National Sustainable 
Design Expo in April 2011. 
 
Economics and Sustainability 
The PEACE-1 unit was constructed for about $7,000 and requires less than one dollar in 
operating cost and materials for each batch of operation. Preliminary sustainability calculations 
were performed for the process to estimate the potential environmental impact of this 
technology. The combustion of butanol that has been produced from algae is carbon neutral in 
the sense that the carbon released to the atmosphere during butanol combustion was absorbed 
from the atmosphere by the feedstock algae. While PEACE-1 uses about $18 of electricity per 
pound of butanol, for a continuous system based on this design would use closer to $0.60 of 
electricity per pound of butanol. As PEACE-1 was constructed as a proof-of-concept and 
experimental prototype, energy conservation was not a major concern in its design and 
fabrication. However, the knowledge obtained in its construction will be paramount in achieving 
desirable energy efficiency in subsequent algae-to-butanol production systems. Also, the 
secondary environmental benefits of algae-to-butanol systems are substantial. The algae not only 
removes nitrogen and phosphorus from water, reducing human pollution of freshwater and 
saltwater, but the waste solids from the process can be used as nitrogen and phosphorus fertilizer 
rather that introducing new pollutants into the environment. 
 
Education and Outreach 
The efforts of this project have spread throughout the regional academic community and 
national level. Groups of students from middle schools and high schools in the region, such as 
McNair Middle School and Russellville High School, have visited the University and seen 
demonstrations of the process and a remote control car that runs on butanol. Some of the visiting 
students even competed in a contest to see who could perform a hydrolysis experiment with the 
best results. Also, over fifteen middle school science teachers from the region attended a 
workshop at the University of Arkansas where the algae to butanol process and research was 
showcased. As a result, many visits to and from various schools are currently being planned.  
The Phase I team submitted an entry into the Planet Forward contest in February 2011, a 
contest intended to allow experts and engaged citizens to weigh-in on energy and sustainability.14 
The team received the highest number of internet votes and was invited to be featured on a 
television special airing in April 2011. Most of the teachers that attended the workshop at the 
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University of Arkansas have stated that they intend to show the Planet Forward PBS Special in 
their classrooms.  
With the team’s success and the project’s relatability to the public, many media outlets 
from the University of Arkansas, Northwest Arkansas region, and localized newspapers 
throughout the country have exposed the development of the project. The team also plans to 
submit a manuscript for peer-reviewed publication in Control Engineering and received an invite 
to publish in MIT’s new online journal on project-based learning. 
 
Conclusions 
Based on Phase I research, butanol production from algae has the potential to be a 
sustainable alternative fuel technology. Phase I made substantial progress towards successfully 
demonstrating the production of butanol from algae. A fully automated algae-to-butanol 
demonstration system was successfully designed, constructed, and operated. The team optimized 
many experimental parameters in the process. Future development of a continuous process 
instead of a batch process would improve the economic viability of the process. Based on the 
energy use analysis performed in Phase I, it is clear that the separation of butanol from the 
fermenter effluent is a critical step in improving the sustainability of the production process. 
Therefore more research is required to improve this technology. Phase II proposes to do this by 
building and optimizing a continuous unit (PEACE-2) that would serve as a potentially 
marketable unit in both developed and developing countries, serving to clean water, fuel society, 
and sustain life. 
 
Proposed Phase II Objectives and Strategies 
Research with a larger scale unit is necessary to develop more support and awareness 
from the public, improve on the process technology and efficiency, verify the ability of the 
process to consume various feedstocks, and optimize the process economics and sustainability. 
To achieve these goals a slightly larger, continuous version of PEACE-1, called PEACE-2, has 
been designed to build upon the methods proven successful in Phase I and attempt to make the 
process more efficient and sustainable. In Phase II, a team of multidisciplinary engineering 
design students will build, test, and operate PEACE-2 to produce at least 10 gallons of butanol 
per week. Using the experimentally determined reaction conversions of PEACE-1, the bigger 
unit would require 130 lbs of dry algae per day. However, a large increase in conversion and 
efficiency is expected by utilization of continuous operation and further optimization in Phase II. 
By optimizing continuous fermentation and separation, the goal for PEACE-2 is to operate on 50 
lbs of algae per day and have the flexibility to make more fuel. Phase II will be made possible by 
continuing efforts with the City of New York. Building and operating this unit will allow the 
Phase II team to experiment with several different feedstocks of algae or other cellulose sources 
and improve operating variables that affect yield and process efficiency. Phase II will also 
increase the applicability of the technology to developed areas (PEACE-1 may be shipped and 
tested on-site near Jamaica Bay) and developing areas (PEACE-1 may be shipped and tested on-
site with local farmers eager to utilize the potential benefits of the technology). The Phase II 
team will continue to develop more partnerships to test either PEACE-1 or PEACE-2. Also, the 
team will develop more partnerships with potential consumers, students, and the public through 
educational outreach and an interactive website. 
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V. BODY OF REPORT 
A. Summary of Phase I Results  
1. Background and Problem Definition 
The US currently imports approximately 200 billion gallons of oil per year.3 This 
dependence on foreign countries threatens national security, the stability of American 
government and businesses, and increases American susceptibility to fuel price shocks and 
shortages. Furthermore, the use of oil has significant long-term drawbacks for the environment 
including contributing to global climate change. There have been many sources of energy 
proposed to alleviate the foreign oil dependence including wind, solar, nuclear, etc. However, 
instead of a gasoline replacement, many of these technologies produce electricity, which is 
currently not compatible with our large automobile fleet.   
Crop-based approaches have been proposed for the production of liquid biofuels.  The 
most studied and widely used approach is corn ethanol. However, it has been estimated that in 
order to replace 50% of the transport fuel with ethanol from corn, it would take over 150% of the 
cropland in the United States. Thus, in recent years, switchgrass, fast growing trees, etc. have 
been proposed as potential biomass feedstocks for making ethanol. These feedstocks can grow 
on more marginal land but the economics are not currently feasible. Biodiesel production from 
lipids has also been proposed using soybeans, rapeseed, jatropha, and algae. Soybeans and 
rapeseed are disadvantageous because they require high quality cropland4 while jatropha, though 
it grows on marginal land, is aggressive and invasive.5 Algae oils have been explored by many, 
and much research is going on to optimize oil production.6 However, to achieve high levels of oil 
production, it takes a genetically engineered or selected strain of algae grown under optimum 
conditions.7 
It is the opinion of researchers at the University of Arkansas that biofuels should be a 
sustainable and direct replacement of gasoline, not just an oxygenate. In addition to this, 
secondary environmental benefits should be exploited whenever possible during the production 
of biofuels. Therefore, the target of this project is to develop an algae technology that can treat 
contaminated wastewater, while making butanol, a potential direct replacement for gasoline.   
 Algae are highly efficient and fast growing organisms that can achieve a photosynthetic 
efficiency of 5% and increase their mass at the rate of approximately 20 g/m2/day. In contrast, 
the growth rate of corn grain is only 9.2 mg/m2/day.8 At this rate of algae production and with 
algae possessing a carbohydrate concentration of up to 40%, one acre of algae would yield 1500 
gallons of butanol per year, which is nearly 5 times that of corn ethanol.9 Combined with the fact 
that algae can be cultivated on non-arable land with brackish, saline, or waste-water,9 their 
uptake of atmospheric CO2 and waste-water nutrients (such as nitrogen and phosphorus) makes 
them more advantageous than other biomass.  
Recently, butanol has become an attractive alternative to ethanol due to its low vapor 
pressure, high energy density, and ability to directly replace gasoline.2 Butanol possesses a 
higher energy density in comparison to ethanol, giving a higher mileage per gallon. In addition, 
the physical properties of butanol are such that modern gasoline automobile engines can use 
butanol without any major modifications. Butanol does not require automakers to compromise 
on performance to meet environmental regulations. Older automobiles also benefit from butanol 
because it will not corrode rubber seals as ethanol does. 
Since natural strains of algae in high nutrient environments produce much more sugar 
than lipids, this technology has the potential to create a truly sustainable option for the 
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production of liquid biofuels.  In order to demonstrate the feasibility of this technology, a 
multidisciplinary group of students was formed to achieve the Phase I goals of this project: 
1. experimentally develop base-line parameters and complete initial optimization for 
individual process steps 
2. successfully build and operate an automated demonstration unit  
3. preliminarily evaluate the sustainability of the process 
4. actively encourage energy and environmental awareness centered around K-12 
students 
 
2. Purpose, Objectives, Scope 
The purpose of Phase I was to investigate a method for producing butanol from algae 
using a novel automated hydrolysis, fermentation, and separation process. While current 
processes make butanol from butane refined from fossil fuels, the butanol production process can 
be replaced by a sustainable alternative—derivation of butanol by fermentation. Fermentation 
allows for a large degree of flexibility in feedstock selection, because any cellulosic material can 
converted to butanol with appropriate adjustments and pretreatment. For the process developed 
in Phase I, algal matter was chosen as the feedstock for its advantages over other feedstocks. The 
process was designed to break up the algae cells, convert starches to simple sugars via 
hydrolysis, ferment the simple sugars to butanol, and extract the butanol from the fermentation 
broth to create a fuel-grade product. The Phase I research team sought to experimentally develop 
individual steps and parameters of the process, design and build an automated system to produce 
fuel-grade butanol from algae in a batch process, evaluate the sustainability and larger scale 
economics of the process, and encourage the energy and environmental awareness of students. 
The team used macroalgae samples obtained through the generosity of the City of New York 
from a site at Jamaica Bay to test the equipment and viability of the process. 
Due to the high cost of transporting biomass from the growth site to a processing plant, a 
large scale facility to produce butanol from biomass is not currently economically viable. 
However, a small scale unit that could be easily operated in a location where biomass is already 
abundant may be a viable option for producing biofuels. The unit devised in Phase I is a 
prototype for such a piece of equipment, viz. on-site fuel manufacturing system. 
By designing and building an automated prototype unit, Portable and Electronic Algae 
Converting Equipment (PEACE-1), the team hoped to prove the viability of the process and 
research the major operating variables of the process, all while having a system that could be 
operated by anyone with a high school education. With such an automated unit, the power to 
produce fuel would be put into the hands of the common man and would be available throughout 
the world with a modicum of operation and safety training.  
 
People, Prosperity, Planet 
 The conversion of algae into a usable fuel has the potential to yield substantial societal, 
economic, and environmental impacts. Aside from the obvious economic benefits of producing 
inexpensive biofuel domestically, this technology would also generate green-collar employment 
opportunities. Also, since algae does not require high quality farmland to thrive, large scale algae 
harvesting would not inhibit food production and, therefore, would not contribute to increasing 
food prices and shortages domestically and abroad. However, on any arable or non-arable land, 
algae can produce more butanol than could be made from corn or other crops.  The feedstock for 
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this technology can be grown throughout the world. Therefore, there exists the potential to 
implement algae-to-butanol units all over the United States as well as in developing countries.  
Natural algal growth has created unwanted ecological issues in some regions of the 
world. Overpopulation of some algal blooms can impart negative impacts on other organisms via 
production of natural toxins, mechanical damage to other organisms, or by other means. Algae-
to-butanol technology provides a method to dispose of unwanted algae while producing desirable 
biofuel. The process has been developed using macroalgae from potential harmful algal growth 
in New York’s Jamaica Bay.  
 
Developing World 
The current reliance on petroleum products is not only unsustainable but is also causing 
irreparable damage to the environment. As developing nations continue to industrialize across 
the globe, world energy demands and pollution will continue to increase. Therefore, clean, 
renewable energy production is a matter of increasing importance both in developed as well as 
developing economies. This technology, with its sustainable feedstock and water treatment 
capabilities, has the potential to be a viable option for the developing world. PEACE-2 could 
also serve as a prototype for large scale energy production in the developing countries. The team 
has arranged to talk to USAID while in Washington, DC for the P3 competition. USAID is 
interested in developing water and energy technologies for developing countries and upon 
hearing about this unit, has arranged a seminar. 
 
Educational Tool 
In addition to the possible uses for this technology as a sustainable solution to the energy 
crisis, the project acts as a learning tool for students of all ages. Media outlets including 
television and written publications were used to educate the public and to stimulate conversation 
about algae-to-butanol technology and renewable energy in general. Also, the People, Planet, and 
Prosperity competition was used as a senior capstone class and honors thesis for P3 team 
members. 
 
3. Data, Findings, Outputs/Outcomes 
Experimental Analysis 
In the hydrolysis step, simple sugars were produced from starches that were extracted 
from the dried algae using heat and a 2% sulfuric acid solution. Experimental optimizations were 
performed to determine the heating time and water concentration that gave an optimal sugar 
concentration. These concentrations were compared to the theoretical sugar composition of the 
algae. With the conditions of the laboratory autoclave, 121 oC and 2 bar, the optimum heating 
time of the five tested times was found to be 50 minutes. The amount of sugars produced by the 
hydrolysis step were similar in the last three heating times (50, 70, and 90 mins) so 50 minutes 
was chosen to minimize the amount of heat needed thus reducing energy usage. The amount of 
dried algae used in the hydrolysis step was also optimized by testing various algae to water ratios 
and comparing recovered sugar. It was found that 0.06 pounds of algae per pound of water could 
be used to obtain an optimum sugar concentration needed for fermentation. 
In the fermentation system, anaerobic bacteria of the genus Clostridium convert simple 
sugars to acetone, butanol, and ethanol in a 3:6:1 volume ratio, respectively.10 The metabolic 
pathways of this process are shown in Figure 1.11 The strain C. saccharoperbutylacetonicum was 
selected for our process because of its high butanol/acetone conversion ratio, tolerance to 
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oxygen, and ability to utilize algal sugars for their cell growth. The pH, time, and temperature 
were the three parameters optimized in the fermentation step. It was determined that an ideal pH 
of 4.8 and a temperature of 35 oC allowed the bacteria to grow and produce butanol. It was also 
concluded that the maximum amount of butanol produced during the fermentation was produced 
after 96 hours. The bacteria utilized in the analysis behaved such that the first three days (72hrs) 
were needed for bacterial growth, which caused the production of butyric and acetic acids. 
During the last 18 hours the production of butanol occurred. With modifications to the design, a 
continuous process would eliminate the lag time of bacterial growth and produce more butanol.  
In the separation of the butanol from the fermentation broth, two separations steps were 
necessary to produce fuel grade butanol by batch distillation. A simple two-step distillation 
system with two decanters was utilized to overcome the heteroazeotrope that butanol forms with 
water. The optimal distillation conditions were determined by varying distillation heating times, 
reflux ratio, and cooling water temperature.  
Individual optimizations 
in the previous steps allowed for 
a greater yield of butanol; 
however, not all of the available 
sugars present in the dried algae 
were converted to fuel grade 
butanol. The amount of sugars 
obtained by the hydrolysis step 
was 0.33 lb sugar/lb algae, 
while theoretically 0.60 lb 
sugar/lb algae could be 
obtained. The amount of 
butanol that was obtained by the 
fermentation step was 0.09 lb 
butanol/lb sugar, while 
theoretically 0.41 lb butanol/lb 
sugar could be obtained. The 
overall amount of butanol 
obtained was 0.04 lb butanol/lb 
algae, while theoretically 0.25 
lb butanol/lb algae could be 
optimally obtained. This data 
is summarized in Figure 2. 
The experimental overall conversion of algae to butanol was 12.5% of theoretical conversion. To 
continue to increase the yield of butanol, as will be addressed in the Phase II proposal, additional 
steps would be necessary to convert the unit into a continuous process.  The team will also 
analyze which sugars are being converted to butanol and optimize the hydrolysis.  Optimization 
of this step will improve the energy conversion and the economics. 
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2 Acetoacetyl CoA (2C)
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2 CO2 (1C)
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100 % C
33.3 % C
16.3 % C
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SolventogenesisAcetogenesis
Pyruvate (6C)
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Figure 1. Sugar Fermentation Pathways and mole 
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PEACE-1 
Construction and 
Operation 
The unit was 
design to be a bench 
top scale 
demonstration 
process. It took about 
a month to construct 
the unit and four 
days to wire all the 
electrical 
components. The 
unit measures 3 ft. x 
5 ft. by 9 ft. high and 
can run on a 5000 W 
generator. It was 
designed so that it can 
be easily transported in the bed of a truck to an algae rich property. The entire PEACE-1 unit is 
automated with a programmable logic controller (PLC) manufactured by Direct Logic. The PLC 
allowed for eight separate control subroutines which, when run in order, complete one full batch 
of the process, but any of the routines can be run individually as well. The program is written in 
such a way that the processing can be adjusted to different conditions, feeds and batch sizes.  
The operating of this unit is done through a touch screen that is located at the front on the 
unit, and allows the user to choose what part of the process to run. Also, the interface allows for 
the user to adjust the parameters to their feedstock and desired operating conditions. The feed 
algae valve is the only part of the process that is not automated. The other manual labor required 
is the refilling of all solutions and nitrogen, adjustment of pump speeds and nitrogen pressure.  
The process was designed to produce approximately 1-2 ounces of butanol from a charge 
of 1.2 lbs of dried ulva macroalgae in four days. Approximately 25 to 30 kW-hr of energy and 2 
gallons of water are required for each butanol production run. 
The processing of the algae begins with algal biomass that is dried upon harvesting for 
transportation and storage. The feed materials are ground into small particles to facilitate the 
subsequent hydrolysis reaction. A 6 in. diameter x 18 in. tall 304 stainless steel reactor 
containing a magnetically driven agitator is first charged with 2 lbs of the ground algae, followed 
by the addition of 2 gallons of 2% sulfuric acid solution. The reactor is then heated to maintain a 
temperature of 121 oC during the 50 minute hydrolysis process. Following the reaction, the 
reactor is flashed and subsequently cooled by cooling water down to 37 oC. The pH is then raised 
to 4.8, an optimum level for fermentation, by adding 2 M sodium hydroxide. Afterwards, the 
hydrolysate is transferred to the fermentation vessel through a screen at the bottom of the reactor 
by gravity and by pressurizing the system with nitrogen supplied at 4 bar.   
An 8 in. diameter x 12 in. tall 304 stainless steel reactor is used for the fermentation 
process.  After the vessel is charged with filtered algal hydrolysate, the broth is inoculated with 
100 ml of the culture of C. saccharoperbutylacetonicum, which is prepared in a broth of trypton, 
yeast extract, and glucose monohydrate. The fermentation is run at a temperature of 
approximately 35 °C with constant agitation. After 96 hours, the reaction is terminated by 
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heating the fermentation vessel to prohibit further bacterial growth and is followed by the 
distillation process, in which the vessel also serves as a reboiler. 
After initiating the distillation cycle by boiling the fermentation broth, the first column is 
run at total reflux for 30 minutes to eliminate any possible column holdup of the butanol-rich 
phase. The distillate is then allowed to collect in a decanter, in which the interface level of the 
two-phase liquid is measured by a float. The heavier phase, consisting of approximately 93 mol 
% of water, is refluxed until the interface level reaches the bottom of the decanter. The 50 mol % 
butanol phase is then sent to the next column. This second column also produces a two-phase 
solution in the distillate, of which the lighter phase that contains only a small amount of butanol 
is refluxed back to the second column at the reboiler. The second distillation is ended when the 
reboiler temperature reaches a point near the boiling point of butanol. Fuel grade butanol is 
retrieved from the reboiler.  
 
Economics and Sustainability 
The PEACE-1 unit was constructed for about $7,000, and requires less than one dollar in 
operating cost and materials for each batch of operation. Preliminary sustainability calculations 
were performed for the process to estimate the potential environmental impact of this 
technology. The combustion of butanol that has been produced from algae is carbon neutral in 
the sense that the carbon released to the atmosphere during butanol combustion was absorbed 
from the atmosphere by the feedstock algae. As PEACE-1 was constructed as a proof-of-concept 
and experimental prototype, energy conservation was not a major concern in its design and 
fabrication. While PEACE-1 uses about 600 kWh of electricity per pound of butanol, estimations 
performed for a continuous system would use closer to 20 kWh per pound of butanol.  The 
preliminary overall conversion of the system was 0.037 lb of butanol per lb of algae, but the 
theoretical yield is as much as 0.240 lb butanol per lb of algae, nearly eight times higher. The 
knowledge obtained in the construction of PEACE-1 will be paramount in achieving desirable 
energy efficiency in subsequent algae-to-butanol production systems. Also, the secondary 
environmental benefits of algae-to-butanol systems are substantial. The algae not only removes 
nitrogen and phosphorus from water, reducing human pollution of freshwater and saltwater, but 
the waste solids from the process can be used as nitrogen and phosphorus fertilizer rather that 
introducing new pollutants into the environment.  
 
Education and Outreach 
The efforts of this project have spread throughout the regional academic community and 
nationwide. Demonstrations were given both at the University of Arkansas and on-site at many 
schools in Northwest Arkansas. Students that visited the campus from schools such as McNair 
Middle School and Russellville High School learned about the concept and sustainability of the 
process and also got to play with a remote control car that runs on butanol. Some of the visiting 
students even competed in a contest to perform algae hydrolysis and to produce the highest 
concentration of sugar. Two of the students that participated in this exercise have since signed up 
to study chemical engineering at the University. 
Middle school science teachers from every school in the region attended a workshop at 
the University of Arkansas where the algae to butanol process and research was showcased. 
Feedback form the teachers indicated the project was an effective way to introduce young 
students to energy and get them excited about science. As a result, many visits to and from 
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various schools are being planned. Most of the teachers also said they intend to show the Planet 
Forward PBS Special to their classroom.  
The Phase I team submitted an entry into the Planet Forward contest in February 2011, a 
contest intended to allow experts and engaged citizens to weigh-in on energy and sustainability.14 
The Planet Forward competition highlights different groups across the country that are doing 
something unique to propel the United States and the world towards a more sustainable future. 
The Phase I team’s algae to butanol unit was one of the seven finalists, receiving the most online 
votes, and will be featured on a special airing in April 2011. While in Washington, D.C. to film 
the PBS Special, the team had the privilege of meeting with Rep. Steve Womack to share the 
concept of the project with his constituents. Subsequently, the team has been invited to talk to 
both Arkansas senators while back in April. 
With the success of the team and the ability of the public to relate to the project, media 
from the University of Arkansas, Northwest Arkansas, and localized newspapers throughout the 
country have documented and exhibited the development of the project. The team also made 
plans to submit a manuscript for peer-reviewed publication on the control system as well as 
writing a manuscript on the project based learning process of building this unit.  
 
4. Discussion, Conclusions, Recommendations 
An automated unit was built that was able to take in algae as a feedstock and produce a 
biofuel, butanol. The automation of the unit allowed for very minimal manual operation and 
maintenance. The operator merely needs to input algae, press the red button, and, in four days, 
collect butanol. Not only did the automation allow for the unit to run successfully and smoothly, 
it also minimized contamination in each piece of equipment, which was necessary to produce the 
maximum amount of butanol. By automating the system, it gave the ability to produce biofuel to 
the common man. Preliminary optimization of the hydrolysis, fermentation, and distillation 
allowed for the best possible prototype system. Optimal heating time, and water concentration 
achieved 0.3 lb of sugar per pound of algae, but the highest theoretical conversion is 0.6 lb of 
sugar per pound of algae. If the actual process yield increased to 0.5 lb of sugar per pound of 
algae, the amount of algae required to make the same amount of butanol would decrease by 40%. 
Fermentation conditions were determined by analyzing the amount of bacteria needed and the 
appropriate pH to produce butanol, while still allowing bacterial growth, and the time necessary 
for the maximum conversion of sugar to butanol. Because the batch process of Phase I had a 
major lag-time at the beginning of fermentation to grow bacteria, the overall sugar to butanol 
conversion was only 0.092 lb of butanol per pound of sugar, when the maximum theoretical 
conversion is 0.4 lb of butanol per pound of sugar. If the actual conversion could be increased to 
0.2 lb of butanol per pound of sugar the amount of butanol produced would more than double. 
The optimal distillation conditions were determined by altering distillation heating time, reflux 
ratio and cooling water temperature. Distillation used nearly 40% of the total amount of energy 
in the unit. Therefore, to further optimize the unit in Phase II, a different and less energy 
intensive form of separation should be explored, such as pervaporation.  To further increase the 
yield of butanol additional research and development would be necessary to convert the unit into 
a continuous, and therefore more efficient and economical, process. If the energy of production 
could be reduced by 17%, at a butanol price of $3.00 per gallon the process would recoup 
operating costs.  The current process also recoups operating costs if the price of butanol fuel rises 
to $3.50 per gallon. While the technology to convert algae into a biofuel is not original, this 
project is the first known one of its kind to develop a complete, automated process to extract and 
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ferment the sugars from algae into fuel-grade butanol.  Further, PEACE-2 will use state of the art 
fermentation and separation technology to improve the overall economics. 
This project branches out to many areas, including, chemistry, microbiology, 
engineering, biochemistry, and electrical engineering. As a result of such a multidisciplinary 
team, the group has gained valuable experience in all of these areas that the members would not 
normally have obtained. The entire experience served to strengthen each individual team 
member's engineering skills, which will be invaluable to them as they prepare to enter the 
workforce or further their education. These skills include applying engineering design concepts 
as well as laboratory experimentation and data analysis. Finally, the group environment fostered 
the development of interpersonal communication skills and teamwork. 
 
Movement towards Sustainability 
The prototype unit that was built in Phase I helped show that the process of converting 
algae to butanol is possible and there are several optimization possibilities. The need to build a 
continuous unit to produce a significantly larger quantity of butanol is necessary. With such a 
unit, proposed in Phase II, it would be possible to make an impact in reducing the amount of 
fossil fuels used in America. Algae are a sustainable alternative to other feedstocks with many 
environmental benefits. Algae are carbon neutral--it takes in as much carbon as it produces from 
being used as fuel. This technology is directly applicable to the developed world, especially the 
United States. According to the 2010 agricultural census, there were over 2.2 million farms in the 
United States with an average farm size of 418 acres.12 Thus, if a farmer chose to convert 
approximately 10% of the non-arable land to growing algae, a significant portion of the fuel used 
for agricultural practices could be made on site.  If larger full-scale plants were built to convert 
algae to butanol, more fuel could be produced to significantly decrease the amount of gasoline 
consumed in the United States. 13 Further, algae grow on non-arable land and thus this process 
can also be used to clean-up wastewater on land that is not suitable for crops.  This technology is 
also directly applicable to developing countries. If the process is sold as small scale units, the 
technology can be transported anywhere, provide people with a much needed clean water supply 
and fuel, use a feedstock that is readily available, all while being able to operate without a 
substantial technological background. Using this process of converting algae to butanol to make 
usable fuels allows developed and developing countries to move towards sustainability. 
 
Partnerships 
Connections and relationships with various groups and organizations have fostered the 
implementation of the unit, along with the ability to inform the general public about the need of a 
sustainable fuel and the ability of algae to fulfill that role. One such partnership with the City of 
New York has allowed for a continuous supply of macroalgae to be obtained and tested in the 
unit. During Phase II, a continuous, automated unit would be shipped to Jamaica Bay in New 
York City where on-site tests would determine how the unit works outside of the laboratory. 
Partnering with Rockaway Wastewater treatment plant in New York City, the building of the 
unit could be paired with the growth of algae specifically intended to clean-up water. Algae, as 
mentioned above, have the ability to clean up water where nitrogen and phosphorus may be 
present and actually grow faster when these elements are present. A raceway is already in place 
that grows algae using the discharge water from the treatment plant.  
Along with the implementation of the unit at different sites where algae is present, the 
unit has been a great educational tool. Here at the University of Arkansas, the unit has been used 
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to expose middle school students, high school students, and the college community to the 
importance of environmental awareness and the use of energy. The support of many University 
of Arkansas media outlets, such as the Arkansas Traveler, has helped the students to understand 
alternative energy options and the potential impact they could have on our economy and 
environment. The local media have been helpful in informing the Northwest Arkansas 
community of the project and the need for a sustainable fuel. The project was featured on several 
different broadcasts, including KNWA and Max-5 TV coverage, which introduced the project to 
the northwest and central regions of the state (the main population centers) as well as online 
communities. In Northwest Arkansas, the idea of producing a sustainable fuel has been very well 
received. The Phase I team has had the opportunity to share the process of building the unit with 
other areas of the country as well, mainly with the help of media coverage and online social 
networks. 
The team conducting algae to butanol research was a finalist on PBS’s Planet Forward 
competition. This exposure has allowed the P3 group to network with people across the country, 
to promote the idea of an environmental fuel, and to continue educating citizens on the 
importance of moving towards sustainability. While filming for the competition, the team was 
approached by several people who were interested in purchasing a unit to put on their farmland 
to use the algae that they already have to produce usable fuel-grade butanol. Therefore, as stated 
in Phase II, one of the major goals is to test the unit on farmlands. Outreaching to farmers, 
especially those that may grow corn for ethanol, would allow the farmers to produce a better fuel 
at a greater yield. If algae-to-butanol were to replace corn-to-ethanol, farmland used for 
producing feedstocks for fuel would be reduced by 80%. This would allow for 80% more land to 
be available to produce food that could help combat the growing need to help feed the 
developing nations.  Further, algae can grow on non-arable land and thus can be used to clean-up 
wastewater with all of the nutrients coming from the wastewater.  Overall, the project has the 
capability of not only changing the ways that Americans use fuels and clean up wastewater, but 
effects from these two areas would help benefit other nations as well, especially developing 
countries.  The team is giving a presentation to USAID in April to explore the potential of this 
unit being used in developing countries. 
 
B. Proposal for Phase II  
1. P3 Phase II Project Description 
Relationship to Sustainability and Sustainability Benefits 
The proposal for Phase II of this project focuses on further developing the technology to 
convert algae to fuel-grade butanol in a usable 10 gallon per week system.  The sustainability 
calculations in Phase I indicated that the algae to butanol process has the potential to be 
economically and environmentally feasible. Implementing a process utilizing the conversion of 
algae to butanol would cause positive impacts to ripple throughout all aspects of society. 
According to the Energy Information Administration, the United States currently imports 5 
billion barrels of oil per year.3 The production of fuel from algae could reduce society’s 
dependence on imported fossil fuels, which would in turn strengthen national security and secure 
the United States economy against fuel price shocks and shortages.  By producing fuel from 
feedstocks grown locally, the economic benefits would resonate to domestic as opposed to 
foreign economies.  
Using a feedstock that is naturally abundant and not a source of food benefits society by 
securing the current food supply for human consumption. The current trend is to produce 
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biofuels from crop-based feedstocks, primarily corn and soybeans. Not only does using these 
sources make the United States susceptible to food shortages and price increases, but also 
making fuel from these sources requires extensive resources such as water, fertilizer, land, and 
energy (for growth, harvest, and transportation). In contrast, algae feedstocks only require the 
energy involved in collection, transportation, and transformation to butanol. Algae are also an 
environmental asset in their ability to clean waterways by removing excess nitrogen and 
phosphorus that that threaten the aquatic ecosystem. In addition, the waste solids from the algae 
to butanol process can be used as nitrogen and phosphorus fertilizer, completing a reusable cycle. 
By partnering the production of algae for fuel with areas that have the necessity to clean water 
ways, the combined advantages add to the economic viability of the process. For instance, the 
algae grown at algal raceways for water treatment can be harvested and used as the biomass for 
the system that has been developed. The team has partnered with the Department of 
Environmental Protection in NYC with hopes of implementing a process that simultaneously 
cleans the waste-water and produces butanol.  
Using fuel from algae will help to abate the global climate change that the use of fossil 
fuels exacerbates. Because of the large quantities of fossil fuels used today, sequestered carbon 
continues to be rapidly reintroduced into the environment, causing increasing acidity in oceans, 
destruction of habitats, air pollution, as well as irreversible global climate change. It is 
increasingly clear that reducing consumption of non-renewable resources will be one of many 
critical steps on the path towards achieving sustainable life. Using algae as a feedstock for fuel 
production will reintroduce less sequestered carbon into the carbon cycle due to the fact that the 
butanol combustion process is carbon neutral in the sense that it takes in the same amount of CO2 
that is released to the atmosphere as a result of the fermentation reaction and butanol 
combustion. Small scale, continuous, automated butanol product systems could be used by 
farms, businesses, municipalities, and private individuals to produce their own fuel supply. Using 
fuel produced from their own readily available feedstock would allow users to decrease costs, 
increase profit margins, and increase overall quality of life. 
In order for industrial production of butanol to be profitable in the long term, further 
research is required in determining optimal conditions to make butanol an economically 
competitive alternative to gasoline. The most significant short-term cost for the implementation 
of fermentation-produced butanol is further research in the areas of fermentation operating 
conditions and butanol separation. Phase II of this project, which would allow for the necessary 
optimization research as well as actual implementation of prototype equipment, is an important 
intermediate step in the progression towards butanol as an sustainable fuel option. 
 
Challenge Definition and Relationship to Phase I 
In Phase I, it was shown that algae could be successfully converted to butanol via the 
bacteria Clostridium saccharoperbutylacetonicum. Research on a larger scale is necessary to the 
development of a full-scale design of a continuous, economically viable butanol fermentation 
process from algae biomass. To achieve this goal, a pilot-scale model has been designed that 
incorporates and builds upon the methods proven successful in Phase I.   
A new team of students, working with ecologists and microbiologists, will build and 
operate the continuous unit with guidance from faculty advisers. The first area of focus will be to 
obtain a greater yield, via the continuous process, rather than the batch process as seen in Phase 
I. This will require an optimization between the residence time in the fermenter and the 
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conversion of sugars and starches to butanol. Using the data collected from Phase II, the students 
will build and operate a continuous unit.  
The team will also send PEACE-1 to sites, such as Jamaica Bay, NY to test the 
effectiveness of the conversion of algae to butanol in the field. 
The main goals for developing and optimizing this technology in Phase II, to be 
performed by a group of multidisciplinary students are as follows: 
1. experimentally design a continuous process that will achieve at least 10% overall 
process conversion 
2. successfully design and build a continuous macroalgae unit 
3. implement and operate PEACE-1 on-site at a polluted water way 
4. collect and analyze data from on-site operation to determine efficiency of PEACE-1 
5. evaluate and optimize the economics and sustainability of the process 
6. experimentally determine the possibility of using multiple feedstocks in the process 
7. continue and expand the current outreach program encouraging K-12 students to be 
environmentally aware 
8. continue to pursue partnerships and find sites for unit operation 
 
Innovation and Technical Merit 
The idea of recycling waste to produce a useful product is not new, especially with 
sustainability being on the forefront of national attention; nor is the idea of using agricultural 
products to make fuel.  However, using algae, considered by most to be unusable, as a feedstock 
to produce butanol is unique. Coupling fuel production with environmental cleanup is an 
innovative approach to simultaneously tackling two major problems plaguing society. The merit 
behind this process resides in the superior nature of butanol to act as a biofuel as well as the 
societal and environmental benefits of algae as a feedstock. The process proposed for the unit to 
be built in Phase II can be seen in Figure 3. 
Phase II will be implemented at the University of Arkansas Chemical Engineering 
Department during the fall 2011 and spring 2012 semesters. An automated farm-scale unit will 
be designed and constructed to convert130 lbs of dried algae to approximately 10 gallons of 
butanol each week. The student team will gather experimental data, build the unit, and collect 
data on the operation of the automated continuous process. The team will also implement the 
operation of PEACE-1 on the polluted water ways of Jamaica Bay as well as exploring uses on 
partnered algae farms. The entire cost of the project including construction and operation of the 
macroalgae unit and implementation of PEACE-1 on-site will be under $75,000. A breakdown 
of expenses can be found in the attached budget justification sheet.  
PEACE-2 will operate on a charge of 130 lbs of algae supplied to the inlet every week. 
The algae feed will be ground and then gravity fed to a hydrolysis reactor. After the algae are 
hydrolyzed to release the sugars, base is added to adjust the pH to the optimal fermentation 
conditions. The hydrolysate will be pumped into solids separation apparatus to remove solids 
before fermentation. The solids waste removed from the process can be used as fertilizer. The 
liquid hydrolysate will feed to the fermenter via a holding tank. The sugars in the hydrolysate 
will be converted to butanol by the bacteria C. saccharoperbutylacetonicum, which will be 
separated by a membrane and recycled back into the fermentation vessel. The liquid stream 
exiting the membrane will be supplied to a pervaporation unit. The butanol heavy stream coming 
out of the pervaporator will be fed to the distillation column, which will produce butanol of 99% 
purity. 
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Figure 3. Pilot Scale Process Flow Diagram 
 
Many innovative techniques must be applied to the Phase II process to raise the 
efficiency to make the process commercially viable. Phase II will utilize a continuous, fully 
automated process for the treatment of dried algae feedstock, as opposed to the batch process of 
Phase I. The fermentation in Phase II will be achieved in a custom built unit, utilizing pH and 
temperature control. Phase II will implement the use of a hollow fiber membrane to extract the 
fermentation broth for separation while recycling the bacteria back to the fermenter. A portion of 
the reactor effluent could be purified by pervaporation, which will effectively remove excess 
butanol that would inhibit the fermentation reaction. This will allow for continual production of 
butanol by the bacteria in the fermentation step, making for a much more efficient process. As 
the butanol is removed from the fermentation process it will be sent through a distillation 
process, using a single column and one decanter to remove the remaining water and achieve the 
desired purity of butanol.  The final product will be a nearly pure organic mixture of butanol, 
ethanol and acetone (~99.7%). This product will be fuel-grade and can be used directly in current 
gasoline tanks.  The ethanol and the acetone made in Phase II will be separated off the 
distillation column as mixed solvents.  This will be used in a burners to provide heat sources for 
the hydrolysis and distillation thus further lowering energy requirements for the unit.   
 
Measurable Results, Evaluation Method, and Demonstration Strategy  
The primary goal of Phase II is to design and build a farm-scale unit for the production of 
butanol from algal feedstocks and evaluate the economic feasibility of this unit. To be 
economically viable as an alternative to fossil fuels, the product must be based on a process with 
relatively low energy use. In Phase II, further research must be done into the optimization of the 
separation of butanol from an economic standpoint. Pervaporation technologies will be 
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optimized to minimize energy expenditures and maximize separation. The students will 
determine the most favorable operating temperature, flow rate, and vacuum pressure for the 
pervaporation system using a factorial experimental design to determine the optimum membrane 
flux. Investigations and experimentation will also be done with regards to capturing the energy 
used in the separation to be recycled back into the process.  
Experimentation is also needed to optimize the fermentation process. Implementing a 
continuous fermentation system allows the possibility for a higher yield of butanol by increasing 
the concentration of algae in the hydrolysate. However, an increase in butanol present in the 
fermentation tank can inhibit the bacterial production of butanol. In Phase II, experiments will be 
performed to investigate processes that can remove butanol from the fermentation step to prevent 
inhibition of the bacteria from the increased butanol. Experimentation in Phase II will determine 
the optimal yield of butanol that can be produced by the bacteria in fermentation, and the 
concentration of algae in the hydrolysis operation that will lend that optimal butanol yield.  
Phase II will consist of the construction of a unit that can be placed in an area of algal 
growth. Once this unit is built and is operating, a life-cycle assessment will be performed on the 
unit to establish the economic viability of the product. 
Phase II will also entail shipping PEACE-1 to Jamaica Bay in New York City for an on-
site trial operation. The unit will come equipped with a user manual so operators on-site will 
have the ability to self-operate the unit. An operator will need to feed the dry algae at the 
beginning of each run and refill solution bottles and nitrogen. Pump speeds and nitrogen pressure 
can also be controlled manually by the operator. The operator in Jamaica Bay will keep a log of 
operational problems and general feedback. This information will be used to calculate yield of 
butanol when analyzing effectiveness of the process. Once this information has been gathered 
from the trial, the team will make necessary adjustments on the unit as well as incorporate 
possible improvements into the design of PEACE-2. After the trial in Jamaica Bay, the unit will 
be sent to another location, which will be determined through further correspondence with 
potential partners in Phase II.  
In Phase I of this project several partnerships were explored.  A strong partnership has 
been developed with the Department of Envinronmental Protection in New York City. Jamaica 
Bay in New York City has promised to continue the partnership throughout Phase II by 
providing a consistent supply of algal feedstock for experimentation as well as a location for the 
product implementation. Phase II will continue to build on these relationships established in 
Phase I as well as establish new relationships with areas where algae is prevalent. 
 
Integration of P3 Concepts as an Educational Tool 
Phase I was an effective educational tool because it required the design team to utilize a 
wide variety of skills including, but not limited to, engineering, economical, and biochemical 
understanding of the process. In addition, the students performed a sustainability analysis is for 
the production of butanol from algae.  
Phase II of this project will continue to enrich the educational experience of students 
involved in the project.  For this phase, the design team will scale up the batch system evaluated 
in Phase I into an operational continuous unit.  The students will collect data and optimize the 
process to maximize its efficiency.  The student team will perform this work as a requirement for 
their senior capstone design course.  The detailed design, construction, and operation of this unit 
will give the students invaluable experience in applying their academic knowledge to a real-
world situation.  The continuous plant design and the research to be performed in Phase II has 
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great potential to extend beyond the capstone design course requirements.  This project would be 
well-suited for individual students, both undergraduate and graduate, to continue research.  
Graduate students are already researching ways to optimize the process of the production of 
butanol from algae using the built batch unit.  
Phase II addresses the needs and interests of areas that have an overabundance of algae. It 
allows these places to be able to turn their algae into a usable biofuel, butanol, using the easy-to-
run, batch system.  
If Phase II is successful, a full-scale process will be designed that could be built to output 
a large amount of butanol. This new design would be a full-scale plant, allowing for the 
production of a significant amount of butanol, that would actually be able to compete with 
gasoline, and its rising prices. Building a full-scale plant, to be run on a continuous basis would 
mimic the design of the continuous, but small unit, designed in Phase II. Phase II is an essential 
stepping stone from moving from Phase I to making this idea an actual possibility. Designing the 
Phase II unit, as well as the full-scale design, would allow students a rich educational experience 
for the Phase II team and to increase the awareness of environmental sustainability to University 
of Arkansas students and those interested in using such a unit.     
 
Interdisciplinary Teamwork 
Phase II will involve work across multiple disciplines and will utilize a team of various 
strengths. The Phase II team will be comprised of students will backgrounds in chemical 
engineering, electrical engineering, mechanical engineering, business, marketing, economics, 
communications, food science, and microbiology. The team will also work with experts in 
biology and ecology to implement an environmentally sound system. 
 
 2. Project Schedule 
Task 1:  Review Phase I Work (Months 1-2) 
Phase II students will review the work completed by the Phase I team and make any changes to 
the design they deem necessary.  
Task 2:  Grow Clostridium Culture (Months 1-6) 
To build up a stock of bacteria culture, begin growth of C. saccharoperbutylacetonicum. 
Task 3: On-Site Testing of PEACE-1 (Months 1-6) 
The team will ship PEACE-1 to Jamaica Bay for on location implementation. Weekly reports 
will be received from on-site operators regarding the operations of the unit. 
Task 4:  Purchase Pilot Plant Components (Months 2-4) 
Students will purchase all of the components for the pilot plant using the process flow diagram 
and the itemized budget proposed by the Phase I team. 
Task 5:  Construction of Pilot Plant Unit (Months 3-6) 
Students will construct a pilot plant at the Engineering Research Center (ERC) with faculty 
guidance. 
Task 6:  Start-up (Months 6-7) 
Students will test all processes in the plant for proper functionality. 
Task 7:  Plan for algae collection (Months 1-3 and 8-9) 
Students will work with sites in Jamaica Bay, Chesapeake Bay, and on the Arkansas and 
Mississippi Rivers to obtain different samples of algae to be used in the unit. 
Task 8:  Test Full Scale (Months 7-9) 
Students will work for four weeks to test the pilot plant on a continuous daily basis.  One week 
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of testing will be done with regular media, and then three weeks of testing will be done with 
algae. 
Task 9:  Economic Analysis (Months 6-8) 
The team will continue to evaluate the economical viability utilizing the information from the 
pilot plant. 
Task 10:  Report Results (Months 4-8) 
The experimental results of Phase II will be documented. These findings as well as a university 
scale model of a butanol production facility will be presented to the University of Arkansas 
Sustainability Council.  If applicable, the students will work towards publication of their results. 
 
  
Figure 4. Project Schedule 
3. Partnerships  
Phase II of this project will continue the partnership that has been developed with the 
Department of Environmental Protection in New York City. The team at the University of 
Arkansas will continue to receive ulva algae from the Harmful Algal Blooms in Jamaica Bay to 
continue experiments in optimizing butanol production from algae. Jamaica Bay will supply the 
University with a sufficient supply of algae to optimize the process proposed for Phase II. In 
addition, the partnership with the government of New York City will provide a desirable location 
for the implementation of PEACE-1. The abundance of algal blooms make Jamaica Bay an ideal 
location for installing the product on-site for on-site testing and optimization that will be done in 
Phase II. The Department of Environmental Protection in New York City has written a letter of 
support outlining their intention to both continue to supply algae and allow for on-site 
implementation and testing once the product is operating. This partnership is the first of many 
that will be formed with areas of heavy algal blooms and may be also tested with algal raceways 
at the Rockaway Wastewater treatment plant. Further partnerships will be made to allow for 
implementation of the product in other areas with sufficient algal feedstock currently growing. 
The team in Phase II will also be working closely with the Ralph E. Martin Department 
of Chemical Engineering, the Microelectronics and Photonics Program, and the Molecular 
Biology Program to continue researching butanol from algae.  The chemical engineering 
department has given their full support to using Phase II as credit for the honors section of the 
senior capstone design course (CHEG 4443).  In Phase I, students also received credit in 
Microelectronics and Photonics as well as credit for Honors Thesis and this will be explored for 
Phase II as well.  All involved departments and programs have viewed this project as a 
worthwhile educational tool. 
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BUDGET JUSTIFICATION - University of Arkansas 
 
Salary ($5,370) 
A graduate student will be employed to supervise the team of undergraduate students and instruct 
them on topics such as control of the process using a logic controller and intricacies of the 
individual process steps.    
 
Fringe Benefits ($209) 
Graduate student fringe benefits at 3.9% per University policy. 
 
Travel ($12,000) 
Travel funds are budgeted for 2 trips to New York City to supervise implementation of the 
PEACE-2 equipment at the partner sites and for 2 trips to national conferences to disseminate 
results of the project. 
 
Equipment ($21,000) 
Funds are budgeted for the construction of the PEACE-2 unit and its components.  This will 
include the reaction vessels and operating equipment to be used on the completed production 
unit.  
 
Material and Supplies ($14,000) 
Funds will be used for optimization of the process.  This will require purchase of various 
laboratory supplies and chemicals to conduct experiments for hydrolysis, fermentation, and 
separation components of the process.  There will also be peripheral costs associated with the 
construction of PEACE-2 such as tools and experimentation materials which will not directly fall 
under the equipment description.   
 
Contractual 
None 
 
Other ($8,077) 
The graduate student’s tuition for one year is included as a component of the budget ($7,077). 
 
Shipping of PEACE-1 unit to Jamaica Bay in New York and another location to be determined. 
($1,000).   
 
Facilities and Administrative Costs ($14,335) 
44.0% of MTDC in accordance with F&A Rate Agreement, DHHS, 07/01/09 - 06/30/13. 
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VIII. RESUMES 
 
JAMIE A. HESTEKIN 
Curriculum Vitae 
 
University of Arkansas 
Jim L. Turpin Endowed Assistant Professorship in Chemical and Biochemical Separations 
Ralph E. Martin Department of Chemical Engineering 
Email: Jamie.Hestekin@uark.edu 
Website: www.comp.uark.edu/~jhesteki 
 
 
Education: Ph.D. in Chemical Engineering, University of Kentucky, August 2000. 
Research Advisors: Dr. D. Bhattacharyya (Director), Chemical Engineering and 
Dr. L. G. Bachas (Co-Director), Chemistry. 
B.S. Chemical Engineering, University of Minnesota, Duluth, May 1995.  
 
Professional   University of Arkansas, Fayetteville, AR, 08/06-present 
Experience:   Assistant Professor  
Kraft Foods, Glenview, IL, 3/03 – 08/06 
Senior Scientist – Advanced Separations Group.   
Argonne National Laboratory, Argonne, IL, 8/00-3/03. 
Post-Doctoral Fellow.   
 University of Kentucky, Lexington, KY, 8/95-8/00 
 Graduate Research Assistant.   
  
Major Awards and Recognition 
University of Arkansas Faculty Gold Medal Winner (2009).  This award is given out to 7 faculty, 
campus wide, on a yearly basis for outstanding service to undergraduates. 
Department of Chemical Engineering Outstanding Service to Undergraduates (2009).  One award is 
given out each year to a member of the Ralph E. Martin Department of Chemical Engineering. 
R&D 100 Award (2006) for the “Separative Bioreactor for the Production and Recovery of Biobased 
Products”.  Annual awards given out to the top 100 innovations of the year as judged by R&D 
magazine.   
Enrico Fermi Scholar (2002-2003).  Given out at Argonne National Lab to 1-post doc from each 
division yearly (about 1 out of 25).   
 
Students Mentored (with special recognition received in group listed) 
Graduate 
Jianjun Du (Ph. D., 2010; 2008 North American Membrane Society Travel Award) 
Thang Ho (M.S., December, 2008; 2008 International Congress on Membranes 3rd place poster session; 
2008 North American Membrane Society Travel Award),  
Tom Potts (Ph. D., 2011)  
Aaron Russell (Ph. D., 2012, 2009 NSF Graduate Research Fellow, 2009 American Institute of Chemical 
Engineers 1st place poster session)  
Lauren Woods (Ph.D., 2012) 
 
Undergraduate 
Jakym Battle (2009, George Washington Carver Research Summer Research Experience, 3rd Place 
Poster Competition) 
Thomas Black (2009-, Honors College Research Grant recipient) 
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Jeremiah Born (2008-2009, Honors College Research Grant recipient),  
Tyler Davis (2007-2009, co-author on journal article, Honors College Research Grant recipient) 
Alicia England (2008-2009, Honors College Research Grant recipient) 
Danielle Frechette (2010-, SURF Recipient) 
Heath Himstedt (2007-2008, University of Arkansas College of Engineering Outstanding Senior, 2007 
AIChE Annual Meeting Student Poster Competition Honorable Mention, co-author on book chapter, 
SURF recipient, Honors College Research Grant recipient), 
Alex Lopez (2008-, George Washington Carver Summer Research Experience, Honors College Research 
Grant recipient, Arkansas Science and Technology Research Grant) 
Nikki Lorenz (2008-2009, Honors College Grant Recipient, co-author on submitted journal article, 
Goldwater Scholarship Applicant, NSF REU)  
Jina Lim (2008) 
Ali McAtee (2008-, Honors College Grant Recipient) 
Nathan Mehan (2009, NSF REU) 
Samantha Ostia (2007-2009, Honors College Research Grant Recipient) 
Matthew Parker (2008-2009, NSF REU Student) 
Colin Paul (2008-, Goldwater Scholarship Honorable Mention, AIChE Regional Paper Competition 
Winner, Multiple time SURF recipient) 
Betty Phansari (2007) 
Michael Riccobono (2009, NSF REU) 
Natalie Thibodeaux (2008-2009, EPA-P3 Competition Group Leader for team that won honorable 
mention at 2009 National Competition)   
Nicole Thomas (2007-2008, SURF recipient, Honors College Research Grant recipient) 
Kris White (2009-) 
 
Selected Publications (Undergraduate Contributions in Bold) 
1.  J. Du, R. Beitle, E. Clausen, N. Lorenz, and J. Hestekin, “The Use of Wafer Enhanced 
Electrodeionization for the Selective Separation of Butyric Acid in a Continuous Fermentation 
System”, Applied Biochemistry and Biotechnology, Submitted (2009) 
2.  A. S. Kurup, T. Ho, and J. A. Hestekin, “Simulation and Optimal Design of Electrodeionization (EDI) 
Process: Separationof Multi-Component Electrolyte Solution”, Ind. Eng. Chem. Res., 48 (20), 9268-
9277 (2009). 
3.  T. Ho, A. S. Kurup, T. Davis, and J. A. Hestekin, “Wafer Enhanced Electrodeionization in Dilute Salt 
Separation”, Sep. Sci. Tech., accepted for publication (2009). 
4.  H. Himstedt and J. A. Hestekin, “Membrane Separation Techniques in the Dairy Industry” invited and 
submitted to Membrane Technology, Edited by I. Escobar and G. Lipscomb, Destech, submitted, 
(2010). 
5.  T. Ho, T. Potts, and J. A. Hestekin, “Electrodialysis in the Food Industry” invited and submitted to 
Membranes in Food Applications, Edited by S. Nunnes and K. Peinimen, Wiley, submitted, (2010). 
6.  M. B. Arora and J. A. Hestekin, S. W. Snyder, E. J. St. Martin, M. I. Donnelly, C. Sanville-Millard, 
and Y. J. Lin,  “The Separative Bioreactor: A Continuous Separation Process for the Simultaneous 
Production and Direct Capture of Organic Acids”, Sep. Sci. Tech., 42, 2519-2538 (2007). 
7.  J. A. Hestekin, E. G. Gilbert, M. Henry, R. Datta, E. St. Martin, and S. Snyder, “Modified Porous 
Nafion: Membrane Characterization of two-phase separations”, J. Memb. Sci., 281, 268-273 (2006). 
8.  J. A. Hestekin, Y. P. Lin, J. R. Frank, S. W. Snyder, and E. J. St. Martin, “Electrochemical 
Enhancement of Glucose Oxidase Kinetics: Gluconic Acid Production with Anion Exchange 
Membrane Reactor”, J. Appl. Electrochem., 32,1049-1052 (2002). 
9.  J. A. Hestekin, M. Sarkari, M. A. Summers, K. S. Ziemer, and L. P. Zuba, “Conducting a Multi-
University Graduate Student Symposium: Goals, Guidelines, and Experiences”, Chem. Eng. Edu., 32, 
266-268 (1998).   
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Robert R. Beitle Jr. Ph.D. P.E.   
Louis Owen Professor, Ralph E. Martin Department of Chemical Engineering 
 
(a) Professional Preparation  
B.S.  Chemical Engineering University of Pittsburgh    (1987)   
M.S.  Chemical Engineering University of Pittsburgh     (1991)   
Thesis: A Computer Controlled Fermentation Monitoring System: Application to 
the Determination of Fluxes During B. subtilis Growth   
Ph.D.  Chemical Engineering University of Pittsburgh     (1993)   
Dissertation: A Metal Affinity Tail from Angiotensin I: Its Development For Use In 
Immobilized Metal Affinity Chromatography (IMAC) 
   
(b) Appointments    
 Professor, Chemical Engineering    (2006 - present) 
 
 Associate Professor of Chemical Engineering  (1998 – 2005) 
 University of Arkansas, Fayetteville AR 72701 
 
 Adjunct Associate Professor of Biological Engineering (2001 – present) 
 University of Arkansas, Fayetteville AR 72701 
 
 Visiting Engineer (sabbatical fall 2001) 
 Immunovision Inc., Springdale AR 72764 
 
 Assistant Professor of Chemical Engineering  (1993 – 1998) 
 University of Arkansas, Fayetteville AR 72701 
 
 Graduate Research and Teaching Assistant   (1987 – 1993) 
 Department of Chemical and Petroleum Engineering 
 University of Pittsburgh, Pittsburgh PA 15261 
 
(c) Publications Related to Proposal 
1. N. Romey, R. Schwartz, D. Behrend, P. Miao, M. Cheung, R. Beitle.  Circumventing 
graphical user interfaces in chemical engineering plant design.  Advances in Engineering 
Education 1 (2007) Inaugural Issue. 
2. Li, Y., Agarwal, A., Sakon, J., Beitle, R. Characterization of Metal Affinity of Green 
Fluorescent Protein and Its Purification via Salt Promoted, Immobilized Metal Affinity 
Chromatography.  J. Chromatography A 909 (2001) 183. 
3. Teo, J., Beitle, R. Novel Solvent Stable Micro-porous Membrane Made of Whey Protein 
Isolate Gel. Journal of Membrane Science 192 (2001) 71. 
4. Dunkan, K., Sublette, K., Rider, P., Stepp, A., Beitle, R., Conner, J., Kolhatkar, R. Analysis 
of a Microbial Community Oxidizing Inorganic Sulfide and Mercaptans.  Biotechnology 
Progress 17 (2001) 768. 
5. Yi, L., Beitle, R. Protein purification via Aqueous Two-Phase Extraction (ATPE) and 
Immobilized Metal Affinity Chromatography.  Effectiveness of salt addition to enhance 
selectivity and yield of GFPuv. Biotechnology Progress 18 (2002) 1504.  
6. Teo, J., Beitle, R. Preparation of Whey Protein Membranes for Industrial Application, 
Fluid/Particle Journal 15 (2003) 61. 
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7. Wallace, S., Carrier, J., Beitle, R., Clausen, E., Griffis, C. HPLC-UV and LC-MS-MS 
Characterization of Silymarin in Milk Thistle Seeds and Corresponding Products.  J. 
Nutraceuticals, Functional and Medicinal Foods 4 (2003) 37. 
8. Cai, Y., Moore, M., Goforth, R., Henry, R., Beitle, R.  Genomic data for alternate 
production strategies I. Identification of major contaminating species for Cobalt+2 
Immobilized Metal Affinity Chromatography. Biotechnology and Bioengineering 88 (2004) 
77. 
9. Teo, J., Song, L., Beitle, R. Microporous whey protein isolate gel adsorbent. Separation 
Science and Technology 40 (2004) 991. 
10. Tiwari, N. Woods, L., Haley, R., Kight, A., Ataai, M., Henry, R. Beitle, R. Identification and 
characterization of native proteins of Escherichia coli BL-21 that display affinity towards 
Immobilized Metal Affinity Chromatography and Hydrophobic Interaction Chromatography 
Matrices. Tiwari et al. Protein Expression and Purification 70 (2010) 191.  
 
(d) Synergistic activities  
Managing Professor, Fed Batch Facility at U of AR 
I am responsible for yearly campus-wide training.  Students and faculty use facility to produce 
biologicals (enzyme, DNA, cell, antibody).  The Facility supports the NIH Center for Protein 
Structure and Function. 
 
Faculty Mentor, Students Applying for NSF and DOD Graduate Research Fellowship. I 
have successfully mentored and helped U of AR students interested in this program. Three 
have received GRFP awards and one has received GRFP honorable mention. One student 
received a DOD SMART Fellowship. 
 
Reviewer 
National Science Foundation - various panels for Directorate for Engineering, Directorate of 
Human Resource Development including CAREER and GRFP; Biotechnology and 
Bioengineering, J. Chromatography, Separation Science and Technology. 
 
Program Advisory Committee - Cell and Molecular Biology Program, University of Arkansas 
 
American Chemical Society Biochemical Technology Division - Communication 
Coordinator 
 
(e) Collaborators and Other Affiliations  
U of AR Behrend Clausen, Cross, Carrier, Fritsch, Goforth, Griffis, Henry, Howard, Kavdia, Kim, 
Lau, Lay, Liyanage, Rhodes, Sakon , Saxena, Stites, Ulrich, Vickers, Wallace, Hestekin C., 
Hestekin J. University of Arkansas for Medical Sciences Moore 3M Corporation Song FMC 
Teo U of Pittsburgh Ataai, Koepsel, Parker U of Toledo Coleman U of Akron Cheung San 
Jose State University Komives University of Virginia Fernandez Serum Institute (India) 
Goel Clinton School of Public Service Hemphill Mars Symbiosciences Aquarone, Chimel, 
Hammerstone  
 
RRB’s Graduate Students - * currently in program 
PhD Brune*, Fruchtl*, Velasco*, Tiwari*, Cai (Advysis), Teo (FMC), Liu (U of AR), Schluterman 
(U of AR), Varakala (Genotype), Haley (Pel-Freez) MS Yi (Merck), Agarwal (Amgen), Henry 
(LSU), Walling (Safe Way Foods), Slape (Bioengineering Resources Inc.), Reeves (Eastman 
Chemical), Oxford (Rheem), Ramakrishnan (Biogen Idec), Donka (unknown), Hoh (unknown), 
Abudiab (unknown), Romey (DOD) 
WILLIAM ROY PENNEY 
Education 
PhD, Engineering, Oklahoma State University, 1968 
MS, Mechanical Engineering, University of Arkansas, 1962 
BS, Mechanical Engineering, University of Arkansas, 1959 
 
Industrial Experience 
McDonnell Aircraft Company, St. Louis, MO (1959 - 1960) 
 Test Engineer, Vibration Laboratory 
Phillips Petroleum Company, Bartlesville, OK (1962 - 1965) 
 Research Engineer, Process Heat Transfer Group, R&D 
Monsanto Company, St. Louis, MO (1968 - 1983) 
 Manager, Process Engineering, Agricultural Products Division (1978 - 1983) 
 Manager, Unit Operations Group, Engineering Technology (1977 - 1978) 
 Superintendent, Process Engineering, Agricultural Products, (1975 - 1977) 
 Engineering Specialist, Fluid Mechanics/Heat Transfer (1968 - 1975) 
A.E. Staley Manufacturing Co., Decatur, IL (1983 - 1988) 
 Director, Corporate Process Technology (1987 - 1988) 
 Director, Horizon Division Engineering (1985 - 1987)  
 Director, Corporate Process Engineering (1983 - 1985)  
Henkle Corporation USA, Decatur, IL (1988 - 1989), Engineering Fellow 
S & B Engineers, Houston, TX  (Summer 1992) 
Dow Corning, Midland, MI (Research Sabbatical, Fall 1996, Fall 1997, Spring and Fall 1998) 
Teaching 
  Professor, Department of Chemical Engineering, University of AR, Fayetteville (1989 - present) 
  Adjunct Professor, Chem. Eng., taught Design Courses, Washington U., St. Louis (1978 - 1983) 
Graduate Assistant, Mechanical Engineering, University of Arkansas, Fayetteville (1960 - 1962) 
Research Interests 
Primary research interests: (1) fluid mixing and (2) process development and design.  In the fluid 
mixing area research areas include (1) feedpipe backmixing in agitated reactors (2) scaleup 
methods for fast competitive reactions in agitated vessels, (3) static mixers in recycle loops on 
agitated vessels to improve fast competitive reaction yields (4) interstage backmixing in 
compartmented mechanically-agitated staged columns (5) flooding in compartmented 
mechanically-agitated staged columns (6) vortex formation in partially-baffled agitated vessels 
(7) just suspended speeds for liquid-liquid dispersion in agitated vessels (8) solids suspension in 
agitated vessels (9) surface profiles, compartmental fillage and mass transfer in a Vickers-
Zimmer style polyester finisher and (10) scaleup methods for fast reactions in pipeline mixers. 
 
Consulting 
Dr. Penney has actively consulted in process engineering design since 1989; major clients 
include Amgen, Merck, Dow Corning, Unique Tire Recycling, Conoco, Finnsugar, Western 
Sugar, Rineco, Angus Chemical, Process Dynamics, Chemineer and Tennessee Eastman.  
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